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[http://dx.doi.org/10.1063/1.4823474] Group III-nitride semiconductors are a group of materials, where the applications arrived well before their defects were understood. The importance of defects arises primarily from the lack of large bulk substrates.
1 Most epitaxial layers have to be deposited on lattice-mismatched and thermalmismatched substrates or on pseudo substrates which themselves were nucleated on mismatched substrates. 2 The mismatch induces high dislocation concentrations, which need to be reduced for improved optoelectronic applications. 3, 4 A variety of methods, such as epitaxial lateral overgrowth (ELO), patterning with semipolar facets, interlayers, and 3D to 2D growth transitions, were invented to achieve a reduction of the dislocation concentration in epitaxial GaN. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The common principle for dislocation reduction is the introduction of interfaces or inclined growth facets, which influence the line directions of threading dislocations. 7, [16] [17] [18] [19] [20] [21] Inclined facets are also introduced by v-shaped pits or inverted pyramidal defects typically around threading dislocations in epitaxial layers of group III-nitride semiconductors. [22] [23] [24] [25] [26] [27] These v-shaped defects are delimited by six inclined f11 22g semipolar facets. 28 Dislocations were found to bend toward such inclined facets (produced by patterning of the substrates). 7, 8, 16, 18, 20, 21, 29 This attractive interaction was explained by the orientation dependent energy of dislocation lines, 19 the emergence of dislocations at inclined facets combined with the minimization of the length of the dislocation lines, 18 or/and by attractive strain effects due to image forces. 7 Recent images of the etched c growth surfaces suggest that the concentration of dislocations with c line direction component is lower in v-shaped defects than in the surrounding material. 27 This may arise from a bending of dislocation lines toward the inclined facets of the v-shaped defects with subsequent annihilation or pinning reactions during overgrowth, 30 in agreement with the above outlined models. However, the reduction of the dislocation etch pit density in the v-shaped defects may also arise from repulsive interaction not considered so far. Hence, understanding interactions of dislocations with each other and with meso scale defects is a critical issue for the growth of low dislocation density epitaxial GaN layers. 31 In this Letter, we investigate the interactions of dislocations and v-shaped defects by mapping their spatial distributions and projected line directions on a cross-sectional ð10 10Þ cleavage plane of GaN(0001) epitaxial layers using scanning tunneling microscopy (STM). We identify repulsive interactions between v-shaped defects and dislocations bending away the dislocations from the v-shaped defects. In addition, many body effects in repulsive strain interactions stabilize bundles of dislocations and induce fluctuations in their density.
An investigation of the interactions of dislocations requires a simultaneous mapping of dislocation positions and line directions relative to the defects of interest. Unfortunately, this remains a difficult task thus far. STM allows, however, a simultaneous determination of the Burgers vector and projected line direction of dislocations as well as a mapping of the dislocation concentration over large fields of view. 32 In order to map dislocation positions relative to v-shaped defects by cross-sectional STM (XSTM), we utilize a n-type doping modulation along the c-(growth) direction within the epitaxial GaN layers. Such a doping modulation is easily visible in XSTM images 33 and visualizes the v-shaped defects. 28 The samples were cleaved in ultrahigh vacuum (1 Â 10 À8 Pa) along a ð10 10Þ plane, opening a cross-sectional view on the epitaxial layers. 34 In order to allow an accurate measurement of distances in the measured large scan-range STM images, the distortions due to the scanning tube have been corrected using a calibration sample as described previously. 35 Figure 1(a) shows a large scale overview mosaic consisting of three constant-current XSTM images. The [0001] growth direction is toward the top side of this cross-sectional view. The cleavage surface exhibits terraces separated primarily by monoatomic steps. Some steps abruptly terminate at dislocations intersecting the cleavage surface [see dashed circles in Fig. 1(a) ]. 32 Superimposed on the stepped surface, a roughly periodical contrast change arising from a doping modulation can be discerned as dark contrast lines. The orientation of the doping modulation exhibits two sharp Fig. 1(a) . The v-shaped edges in the GaN epitaxial layers arise from overgrown v-shaped defects with six f11 22g inclined growth facets. 28 First, we address the dislocations. Each observed dislocation induces a one monolayer (ML) high step on the ð10 10Þ cleavage surface. The introduction of a 1 ML high step corresponds to a Burgers vector of the type 6a=3½11 20 or 6a=3½ 2110, tilted each by 30 with respect to the surface normal. 32 The STM image would also be compatible with "mixed" dislocations with an a þ c Burgers vector, but their concentration is significantly lower [36] [37] [38] due to the higher energy related to the longer Burgers vector. 39 Dislocations with Burgers vectors lying fully within the surface plane, e.g., along the c direction, cannot be observed in this large scale image without lateral atomic resolution. Hence, only dislocations with a=3h11 20i Burgers vectors are observed.
Initially, such dislocations are a=3h11 20i-type threading edge dislocations with a line direction parallel to the [0001] direction. They never intersect the cleavage plane and hence would be invisible. Since we observed dislocations on our cleavage surface, their lines have been bent away from the [0001] direction. Thus, the dislocations switched from a pure edge to a mixed type. A more detailed analysis of the line direction will be performed below.
At this stage, we address the spatial distribution of dislocations with respect to v-shaped defects. The dashed circles [ Fig. 1(a) ] and the derived local dislocation concentration [ Fig. 2(a) ] show strong fluctuations. Two effects meet the eye: First, the average dislocation concentration shown in Fig. 2 . In low dislocation density areas only individual dislocations occur.
In order to understand the formation of the agglomeration, we turn to the line directions of the dislocations. Initially, their line directions are parallel to the [0001] growth direction, but with progressing growth they may bend toward non-polar directions. Since we observed dislocations intersecting the ð10 10Þ cleavage plane, their lines have bent. The line direction can be further quantified using the displacement field visible in the STM images. 32 The displacement field of a dislocation is largest at the dislocation core and decays with distance. If a dislocation line intersects the surface with a large angle with respect to the normal direction, the displacement field of the subsurface dislocation distorts the surface anisotropically. This can be seen in the derivative image in Fig. 1(b) , where the displacement field extends anisotropically downward, tracing the line direction (the diagonal contrast lines arise from steps and are not of interest). Dislocations intersecting the surface perpendicular yield a spherical displacement field.
Using this analysis, we derived the projected line direction relative to the c direction of every dislocation [ Fig.  3(a) ]. This is shown in Fig. 3(a) , in which the angle is plotted as color-coded point at the position of the dislocation intersection with the cross-sectional surface in the frame of Fig.  1(a) . Open circles represent dislocations with line directions normal to the surface (no detectable projected component). Figure 4 shows the frequency distribution of the projected line directions of the dislocations. Note, in this analysis the projected line directions in ½1 21l and ½ 12 1 l directions are considered to be identical since the orientation of the dislocation line is arbitrary. The minimum at 0 (dislocation lines with a projected orientation along the c direction) indicates that most dislocations are bent. Large bending angles > 30 are preferred. Note dislocations without projected component of the line direction (not included in Fig. 4 ) have a line direction perpendicular to the cross-sectional surface, i.e., they also have a large bending angle with respect to the c direction. The statistical analysis above shows that the dislocation lines are bent toward the non-polar directions. Calculations yield the lowest energy state for a 90 bending, resulting in a pure screw dislocation. 19 Local energy minima exist also for 45 bending. It can be expected that the bending reduces the energy of all dislocations with a=3h11 20i Burgers vectors identically. Hence, dislocations with the same Burgers vector should be bent similarly, leading to bundles of parallel dislocation lines.
Neighboring parallel dislocations with the same or 60 rotated Burgers vectors feel repulsive interactions due to the strain field. In equilibrium, this repulsive interaction would lead to a homogeneous dislocation distribution with maximized separations. This is not observed. Hence, there has to be some attractive term. A similar problem occurred for repulsive screened Coulomb interactions between charged dopants in GaAs, which were also found to form agglomerations. 40 Many body effects in the repulsive interactions lead to effectively attractive pair interaction potentials, which induce an agglomeration. Since strain interactions have a large interaction range due to their slow decay, 41 many dislocations will interact simultaneously, too. These many body effects in the strain interactions may induce an effective attraction for otherwise repulsive strain interactions between the dislocation cores. This leads to inhomogeneities in the distribution of dislocations in agreement with the observed agglomerations of dislocations ( Fig. 2(a) ). Note some of the agglomerations consist of two intersecting bundles of dislocations with different line directions (compare Figs. 2(a) and 3(b) ).
At this stage, we discuss the interaction between dislocations and v-shaped defects. In the cross-sectional view, the dislocation distribution in Fig. 2(b) peaks in between of vshaped defects, with the lowest concentration at the v-shaped defects. This is corroborated by the reduced dislocation density at v-shaped defects found on c-oriented growth planes (top view). 27 The observations indicate a repulsive interaction between v-shaped defects and dislocations, resulting in a bending away from the v-shaped defect. Previously, dislocations were found to bend toward inclined semipolar facets, 7, 8, 16, 18, 20, 21 i.e., in opposite direction than observed here. The origin of this effect can be traced to different strain structures: V-shaped defects in hydride vapor phase epitaxy grown GaN form typically around defect-induced growth instabilities, 11, 27, 42 which introduce strain fields, whereas wings in ELO are mostly free of defects and dislocations and their strain fields. Hence in ELO, the minimization of the line length and energy bends the dislocation lines toward the inclined facet. In contrast, the strain fields in v-shaped defects interact repulsively with the strain field of the surrounding dislocations and bend them away from inclined facets.
In conclusion, we mapped the spatial distribution and line directions of dislocations intersecting a cross-sectional cleavage surface of an epitaxial GaN layer by STM. The correlation of the dislocation distribution and line directions with the spatial positions of v-shaped defects shows that the dislocations are bent away from the inclined semipolar facets of the v-shaped defects, opposite to ELO wings. The repulsive interaction between dislocations and v-shaped defects is traced to strain fields. The dislocation distribution is characterized by agglomerations and intersecting bundles of dislocations with parallel projected line directions. The formation of these bundles is explained by an energy minimization driven bending and many body effects in the repulsive strain interactions.
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